Tropoelastin is the soluble precursor of elastin that bestows tissue elasticity in vertebrates. Tropoelastin is soluble at 20°C in phosphate-buffered saline, pH 7.4, but at 37°C equilibrium is established between soluble protein and insoluble coacervate. Sedimentation equilibrium studies performed before (20°C) and after (37°C) coacervation showed that the soluble component was strictly monomeric. Sedimentation velocity experiments revealed that at both temperatures soluble tropoelastin exists as two independently sedimenting monomeric species present in approximately equal concentrations. Species 1 had a frictional ratio at both temperatures of ϳ2.2, suggesting a very highly expanded or asymmetric protein. Species 2 displayed a frictional ratio at 20°C of 1.4 that increased to 1.7 at 37°C, indicating a compact and symmetrical conformation that expanded or became asymmetric at the higher temperature. The slow interconversion of the two monomeric species contrasts with the rapid and reversible process of coacervation suggesting both efficiently incorporate into the coacervate. A hydrated protein of equivalent molecular weight modeled as a sphere and a flexible chain was predicted to have a frictional ratio of 1.2 and 1.6, respectively. Tropoelastin appeared as a single species when studied by pulsed field-gradient spinecho NMR, but computer modeling showed that the method was insensitive to the presence of two species of equal concentration having similar diffusion coefficients. Scintillation proximity assays using radiolabeled tropoelastin and sedimentation analysis showed that the coacervation at 37°C was a highly cooperative monomer-n-mer self-association. A critical concentration of 3.4 g/liter was obtained when the coacervate was modeled as a helical polymer formed from the monomers via oligomeric intermediates.
Tropoelastin is the soluble precursor of elastin that bestows tissue elasticity in vertebrates. Tropoelastin is soluble at 20°C in phosphate-buffered saline, pH 7.4, but at 37°C equilibrium is established between soluble protein and insoluble coacervate. Sedimentation equilibrium studies performed before (20°C) and after (37°C) coacervation showed that the soluble component was strictly monomeric. Sedimentation velocity experiments revealed that at both temperatures soluble tropoelastin exists as two independently sedimenting monomeric species present in approximately equal concentrations. Species 1 had a frictional ratio at both temperatures of ϳ2.2, suggesting a very highly expanded or asymmetric protein. Species 2 displayed a frictional ratio at 20°C of 1.4 that increased to 1.7 at 37°C, indicating a compact and symmetrical conformation that expanded or became asymmetric at the higher temperature. The slow interconversion of the two monomeric species contrasts with the rapid and reversible process of coacervation suggesting both efficiently incorporate into the coacervate. A hydrated protein of equivalent molecular weight modeled as a sphere and a flexible chain was predicted to have a frictional ratio of 1.2 and 1.6, respectively. Tropoelastin appeared as a single species when studied by pulsed field-gradient spinecho NMR, but computer modeling showed that the method was insensitive to the presence of two species of equal concentration having similar diffusion coefficients. Scintillation proximity assays using radiolabeled tropoelastin and sedimentation analysis showed that the coacervation at 37°C was a highly cooperative monomer-n-mer self-association. A critical concentration of 3.4 g/liter was obtained when the coacervate was modeled as a helical polymer formed from the monomers via oligomeric intermediates.
Elastin forms a highly insoluble cross-linked extracellular matrix that is predominantly responsible for the elasticity of vertebrate tissue. The precursor of elastin, tropoelastin, is devoid of cross-links. Following secretion from the cell surface, tropoelastin undergoes coacervation, which is a process of selfassociation characterized by an inverse temperature transition (1) . Tropoelastin is soluble in aqueous solution at room temperature in vitro, but upon raising the temperature to 37°C the solution becomes turbid as tropoelastin molecules associate to form large aggregates (2, 3) . This process of coacervation results from multiple intermolecular interactions of the hydrophobic domains (3, 4) . The tropoelastin coacervate is a thick viscoelastic phase that is not miscible with the overlying solution (5) . On cooling to 20°C, the aggregates dissociate reversibly, and the solution turns clear. Alternating between hydrophobic domains in the protein are short sequences of amino acid residues that form the cross-linking domains (6) . Coacervation may concentrate and align tropoelastin molecules prior to elastin formation via lysyl oxidase-mediated cross-linkage of the lysine residues that leads to a growing elastic fiber (4, 7, 8) .
Vrhovski et al. (1) demonstrated that maximal coacervation of recombinant human tropoelastin occurs under the physiologically relevant conditions of 37°C, 150 mM NaCl, and pH 7-8. Through coacervation, tropoelastin molecules were thought to be converted from molecules largely lacking secondary and tertiary structure to a more ordered state (2, 7, 9, 10) . Electron micrographs show parallel arrays of 5-nm-wide filaments of tropoelastin coacervates that are similar to the fibrous structure of mature elastin (3, 4, 11) . The importance of coacervation in the formation of lysine cross-links has been shown in smooth muscle cells where culturing at temperatures below 37°C hampers elastin formation (12, 13) .
In the work described here, analytical ultracentrifugation, pulsed field-gradient spin-echo (PGSE) 1 nuclear magnetic resonance spectroscopy, and scintillation proximity assays were employed, in conjunction with computer modeling studies, to characterize the thermodynamic and hydrodynamic properties of recombinant tropoelastin before (20°C) and after (37°C) coacervation. We show that at both temperatures soluble tropoelastin exists as at least two monomeric forms that have the capacity to coacervate in a manner similar to a classical critical concentration model of polymerization.
MATERIALS AND METHODS
Preparation of Tropoelastin SHEL⌬26A-Tropoelastin SHEL⌬26A (M r ϭ 60,140) was expressed and extracted from a culture of Escherichia coli BL21(DE3) as described previously (1, 14) . SHEL⌬26A is a recombinant human tropoelastin lacking the hydrophilic domain encoded by exon 26A and is identical to a naturally occurring isoform of * This work was supported in part by an Australian Research Council grant (to A. S. W.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
§ Recipient of a Royal Thai Government Scholarship. human tropoelastin found in connective tissue. Sodium dodecyl sulfatepolyacrylamide gel electrophoresis was performed to check the purity of protein samples (15) . Concentrations of acrylamide for the resolving gel and the stacking gel were 10 and 4%, respectively. For coacervation, full-length tropoelastin was dissolved in phosphate-buffered saline (PBS) containing 10 mM phosphate buffer, pH 7.4, and 150 mM NaCl, which mimics the ionic conditions found to be optimal for coacervation (1) .
Sedimentation Equilibrium-Sedimentation equilibrium of tropoelastin was performed in a Beckman XL-A analytical ultracentrifuge at different initial loading concentrations ranging from 0.3 to 4.0 g/liter. The protein solution was dialyzed extensively against PBS at 4°C and spun in a benchtop centrifuge at room temperature at ϳ12,000 ϫ g for 30 min prior to the ultracentrifuge experiments. 120-l aliquots of tropoelastin were loaded into the sample channels of Yphantis 6-channel, 12-mm centerpieces, and 125 l of diffusate into the corresponding reference channels. Centrifugation was conducted in an AnTi-60 rotor at 15,000 rpm to sedimentation equilibrium at 20 and 37°C. Radial absorbance scans were collected in continuous scan mode at 280 and 250 nm every 4 h with 10 replicates and a step size of 0.001 cm. A base-line scan at 360 nm was taken to correct for optical imperfections. Sedimentation equilibrium was considered to have been achieved when there was an overlap between two consecutive scans.
The ⍀ function was used to test for sample homogeneity and attainment of chemical equilibrium (16, 17) . 2 ⍀ is defined (16) as indicated in Equation 1,
where c(r) is the total protein concentration at radial distance r; c(r F ) is the total protein concentration at reference radial distance r F ; a 1 (r) is the thermodynamic activity of the protomer at radial distance r; a 1 (r F ) is the thermodynamic activity of the protomer at reference radial distance r F ; and M 1 is the molar weight of the protomer
, where v is the partial specific volume (ml/g) of tropoelastin at the absolute temperature T; is the density of the solvent (g/ml) at the experimental temperature; is the angular velocity of the rotor; and R is the universal gas constant.
Protein concentrations were determined using the calculated extinction coefficient value of 0.322 liters/g/cm at 280 nm (GCG version 8.0-UNIX Peptidesort) and 0.154 liters/g/cm at 250 nm. The v of SHEL⌬26A was calculated from the amino acid composition to be 0.7574, 0.7595, and 0.7646 ml/g at 20, 25, and 37°C, respectively (Sednterp version 1.01; retrieved from the RASMB server; 18). The of PBS was calculated to be 1.0057 and 1.0008 g/ml at 20 and 37°C, respectively (Sednterp version 1.01).
The WinNonlin version 1.035 software package (19) was used to fit plots of c(r) versus r 2 /2 obtained from three different loading concentrations of tropoelastin centrifuged to chemical equilibrium. The program returned values of the molar weight and the second virial coefficient, B, together with values representing the 95% confidence intervals of the parameter values. B is a measure of the nonideality of the solute, which principally arises from the size and shape of the solute and its effective charge in the buffer conditions employed (19) .
Values of apparent weight average molar weight, M w app , were obtained by a sliding 19-point linear regression of plots of lnc(r) versus r 2 . Regression of the plots and smoothing were performed with the Ommenu series of programs.
2 M w app is defined in Equation 2 (20) ,
where M w is the ideal weight average molar weight. Sedimentation Velocity-Sedimentation velocity was performed in the Beckman XL-A analytical ultracentrifuge at initial loading concentrations ranging from 0.4 to 5.0 g/liter. 400-l aliquots of tropoelastin were loaded into the sample channels of double-sector, 12-mm centerpieces and 450 l of buffer into the corresponding reference channels. Centrifugation was conducted in an AnTi-60 rotor at 48,000 rpm for 5 h at either 20 or 37°C. Radial absorbance scans were collected in continuous scan mode at either 280 or 250 nm every 4 min with two replicates and a step size of 0.005 cm.
Data analysis was performed by directly fitting plots of dc(r)/dt versus s* using the DCDTϩ package. s* is the apparent sedimentation coefficient defined in Equation 3 (21) ,
where r m is the radial distance of the solution meniscus, and t is the equivalent time of sedimentation. The data were best fit by a model describing two independently sedimenting species, and the program returned values of the sedimentation and diffusion coefficients (s and D, respectively) for each species along with their standard errors ( where N is Avogadro's number. f 0 is the frictional coefficient of a hard, unhydrated spherical particle and is defined in Equation 6 and as follows (23) ,
where is the viscosity of water at 20°C and R e is the radius of the sphere of the particle with molar weight of SHEL⌬26A at 20°C. By using values of f 20,w 0 calculated from Equation 5 , R e for sedimenting species of tropoelastin was calculated using an equation analogous to Equation 6 . The value of f 20,w 0 /f 0 was used to obtain an axial ratio, a/d, for a prolate spheroid of revolution (where a represents the major axis and d represents the minor axis) (23) .
Nuclear Magnetic Resonance Spectroscopy-Tropoelastin was dissolved in both PBS and pure water, and the solutions were brought to concentrations ranging from 0.5 to 10 g/liter. Samples were loaded in 5-mm outer diameter NMR tubes (Shigemi) to a height of 1 cm.
PGSE experiments were conducted on a Bruker DRX-400 spectrometer (Karlsruhe, Germany) with an Oxford Instruments 9.4 T vertical wide bore magnet (Oxford, UK), using a Bruker 10 T/m z axis gradient probe. PGSE experiments conducted at 20°C used a pulse sequence as described previously (24) . Experiments conducted at 37°C used a double spin-echo pulse sequence to compensate for convection in the sample (25) . The pulse sequence parameters for all experiments are as follows: duration of field-gradient pulses, ␦ ϭ 2 ms; time interval between field-gradient pulses, ⌬ ϭ 20 ms; 90°R F pulse, 18 -20 s; total spin-echo time, TE ϭ 40 ms; between 128 transients per spectrum for the highest concentration sample (10 g/liter) and 4096 transients per spectrum for the lowest concentration sample (0.5 g/liter) were acquired; maximum field-gradient, g max ϭ 3.75 T/m. The water signal was suppressed during the relaxation delay to allow the use of higher receiver gain. Routinely, 16 spectra were acquired with a sequential increase in the value of g.
The gradients were calibrated using the known diffusion coefficient of water in an isotropic and unbounded region (26) . A single experiment was conducted for each concentration of sample at 20°C. At 37°C duplicate experiments were conducted on a 10 g/liter sample of tropoelastin in water only. Tropoelastin forms a coacervate in PBS at 37°C yielding a sedimenting phase in the sample tube (1), thus precluding this type of sample for diffusion measurements at 37°C.
In each spectrum the signal intensity was measured as the integral of the tropoelastin resonance envelope in the aliphatic region (ϳ5.5-2.5 ppm) after manual phase and base-line correction. Signal intensities were normalized with respect to the signal intensity in the first spectrum, corresponding to the smallest field gradient. The natural logarithm of the signal intensity was plotted as a function of the StejskalTanner parameter, b, which is proportional to the square of the applied field gradient (27) . The Origin software package (Microcal) was used to fit a straight line to the plotted data, and the slope of this line provided an estimate of the diffusion coefficient. Diffusion coefficients for tropoelastin in water and in PBS at 20°C were then plotted as a function of concentration, and linear regression was used again to extrapolate the line to zero concentration thus yielding values for D 0 . D 0 for tropoelastin in PBS was then corrected for the viscosity of water to yield D 20,w 0 . A weight average D 37,w was calculated from the duplicate diffusion coefficients estimated for tropoelastin in water at 37°C; the weighting factor was the inverse of the variance of each value.
Computer Modeling-Computer modeling was used to address two questions arising from the ultracentrifuge data. First, is the resolution of the PGSE NMR diffusion data adequate to suggest the existence of more than one species? Second, does a system in which one species is modeled as a compact sphere and the other species as a flexible chain or rigid rod molecule account for the observed hydrodynamic properties?
To answer the first question, a computer model (model I) was written in Maple (Waterloo Software Inc., Canada). Signal intensities for a PGSE NMR diffusion experiment were calculated for a series of gradient values using the same parameters as those used in the actual experiment. The model assumed two independent non-interacting species of equal concentration having D 20,w 0 of 4.0 and 6.0 ϫ 10 Ϫ11 m 2 /s (comparable to those determined by sedimentation velocity experiments at 20°C, see "Results"). The following formula, shown in Equation 8, was used for the calculation,
where E is signal intensity; C 1 and C 2 are the concentrations of the two species; D 1 and D 2 are the diffusion coefficients of the two species; and b is the Stejskal-Tanner parameter (27) .
The signal-to-noise ratio and its standard deviation were calculated from the actual PGSE NMR experiment. Random noise, whose amplitude had a standard deviation equal to that of the experimental data, was then superimposed on the calculated signal intensities. The natural logarithm of the calculated signal intensity with its associated noise was then plotted as a function of the Stejskal-Tanner parameter b. Linear regression was used to fit a straight line to the simulated PGSE NMR data in order to determine whether there was any statistically discernible deviation from linearity.
To answer the second question, a model (Model II) was written in Matlab (MathWorks) and was used to predict D 20,w 0 for a tropoelastin monomer, when it was modeled as follows: 1) a hard unhydrated sphere; 2) a hard hydrated sphere; 3) a hydrated flexible chain; and 4) a rigid rod. Note that the aim of the simulation was not to calculate accurate values of D 20,w 0 for possible conformations of the protein but rather to determine whether the difference in the experimental values could be explained in terms of these conformations. For this reason, the model assumed an ideal solution in which the diffusing molecules do not interact or give rise to excluded volume effects. The amino acid residues, which constitute the monomers in the flexible chain and rigid rod models, were assumed to be identical hard spherical units and to have the same partial specific volume (0.7574 ml/g) as was determined for the protein from its amino acid sequence (see "Materials and Methods").
The , respectively, of the amino acid residues in the flexible chain and rigid rod models, and of the unhydrated and hydrated spheres. The hydrodynamic parameters for the flexible chain were calculated using Equations 36 and 37 of Kirkwood and Riseman (29) and for the rigid rod using Equations 22 and 23 of Riseman and Kirkwood (30) . A weighted average specific volume for the hydrated molecules was calculated to account for the associated water molecules. For a typical protein, each gram of its dry weight contains between 0.3 and 0.6 g of associated water, whose properties are significantly different to those of the bulk water (31) . This corresponds to limits of ϳ1.4 and ϳ2.8 water molecules per amino acid residue for tropoelastin monomers, and thus hydrodynamic parameters were calculated for all models on the basis of these two values. The values of f 20 I-Labeled tropoelastin was dissolved in PBS at 10 g/liter, and 100 l of serially diluted solution was placed into duplicate wells. The plate was loaded into a Packard TopCount microplate scintillation and luminescence counter (Canberra Packard Co.) and allowed to equilibrate for 1 h at 20 and 35°C prior to counting. 35°C is the highest functional temperature. Association of 125 I-labeled tropoelastin by coacervation brought the radioactive signals in close proximity to excite the scintillant, whereas signals from the uncoacervated material remaining in solution very poorly excite scintillant. ␥-Counts were determined for 1 min per well in the low energy range and normal efficiency mode. Cross-talk reduction was applied to reduce signals from neighboring wells. For each set of assays, the duplicate data were averaged. The data at 20°C were subtracted from those at 35°C to correct for passive coating of the wells by the protein. The corrected counts at 10 g/liter were normalized to 100%. A plot of the normalized counts versus the total concentration of tropoelastin was then produced from three independent sets of data.
RESULTS
Sedimentation Equilibrium- Fig. 1 shows representative results from sedimentation equilibrium experiments performed at 15,000 rpm on tropoelastin in PBS before (20°C) and after (37°C) coacervation. Any insoluble coacervate was rapidly sedimented to the base of the solution column and was not detected. At both temperatures, the plots of apparent weight average molar weight, M w app , versus concentration, c(r), from three different loading concentrations of protein indicated that the soluble protein was monomeric (e.g. Fig. 1A) . Plots of the ⍀ function versus c(r) (e.g. Fig. 1B ) from the different loading concentrations overlapped closely, indicating that both chemical and sedimentation equilibrium had been attained. Thus, the samples were homogeneous, and there were no significant concentrations of incompetent species such as irreversibly formed aggregates or truncated species (16, 17) .
Plots of c(r) versus r 2 /2 were fit with a model describing a single nonideal species using nonlinear least squares techniques (e.g. Fig. 2A ). Values were returned for both the molar weight, M w , of the species and its nonideality as measured by the second virial coefficient, B (Table I) . This model adequately fitted the data obtained at both 20 and 37°C as judged by the random distribution of residuals (e.g. Fig. 2B ). Returned estimates of the molar weight were consistent with that of the monomer of tropoelastin. The value of B increased with temperature (Table I) indicating molecular expansion and/or asymmetry. A monomer-dimer model equation fit to the data did not significantly improve the fit as judged by a lack of improvement in the sums of squares of the residuals.
Sedimentation Velocity-Sedimentation velocity experiments were performed on tropoelastin in PBS at 20 and 37°C. At 48,000 rpm, coacervate was rapidly sedimented to the base of the solution column. Plots of dc(r)/dt versus s* at both temperatures for the remaining soluble component contained a single peak that was either asymmetric or broadened, suggesting the presence of more than one species (Fig. 3) . When the data were fit to a single species model (Equation 4), the returned estimates of the molar mass at both temperatures were approximately half of the expected value for tropoelastin monomer of 60.14 kDa, also suggesting the presence of more than one species. Although more than one soluble species was present, each appeared to be monomeric since (i) the sedimentation equilibrium experiments showed that soluble tropoelastin was strictly monomeric (Table I) , and (ii) the values of weight average s 20,w decreased linearly with the increasing loading concentration indicating no concentration-dependent self-association of the protein (Fig. 4A) . Therefore, the sedimentation velocity data at both temperatures were fit to a non-interacting two-species model where the molar mass of both species was either fixed at 60.14 kDa or allowed to float (Fig. 3) . This model fit all plots of dc(r)/dt versus s* as well as or better than the single species model, as judged by the distribution and sums of squares of the residuals. Where the molar mass of the two species was allowed to float, the returned values for both species ranged from 54 to 60 kDa. Plots of s 20 , the calculated molar mass of tropoelastin for both species at both 20 and 37°C was similar to that for tropoelastin monomer (Table II) .
The data were also fit with a "whole boundary" approach using the program Svedberg version 3.16 (32) to those obtained from fits to the experimental data were also performed. With noise added, the simulated boundaries were fit with a two-species model, and the values of the returned parameters were, within error, the same as the values used to generate the boundaries.
Pulsed Field-gradient Spin-Echo NMR Experiments-PGSE NMR experiments were conducted on samples of tropoelastin dissolved in either PBS or pure water. A concentration dependence study (Fig. 5) at 20°C yielded D 20,w 0 values for the protein in PBS and in water of (3.59 Ϯ 0.01) ϫ 10 Ϫ11 m 2 /s and (2.29 Ϯ 0.03) ϫ 10 -11 m 2 /s, respectively. In the presence of salt at 37°C, tropoelastin at concentrations above ϳ1.5 g/liter formed a coacervate that settled to the bottom of the NMR sample tube. For this reason, and because concentrations below ϳ1.5 g/liter necessitated much longer spectral acquisition times, a concentration dependence study was not conducted in PBS at this temperature. Duplicate experiments were conducted to measure the D of tropoelastin at 10 g/liter in water at 37°C, and the weight average D 37,w was calculated to be (3.11 Ϯ 0.06) ϫ 10 Ϫ11 m 2 /s. Computer Modeling-When the signal intensities from Model I (see "Materials and Methods") were plotted as a function of b without the addition of noise, a slight systematic deviation from linearity was visually discernible. Once noise was added to the simulated data it became impossible to determine whether or not there was any systematic deviation from linearity even after the regression line was superimposed on the plot. The gradient of the regression line, which corresponded to the diffusion coefficient in a one-species system, was ϳ4.6 ϫ 10 Ϫ11 m 2 /s. The data generated by Model II (see "Materials and Methods") are summarized in Table III Determination of the Critical Concentration of Coacervation-By using the scintillation proximity assay, the equilibrium established between the soluble species of tropoelastin and the coacervate was not disturbed and was quantifiable. Fig. 6A shows the normalized values of radioactivity (representing tropoelastin in close proximity to the scintillant) plotted against the total concentration of tropoelastin. The data show two approximately linear components with a discontinuity at ϳ2 g/liter. The data above 2 g/liter were fitted by linear regression. Simple extrapolation of the fit to the abscissa represents an estimate of the critical concentration, c c , for coacervation of ϳ2.4 g/liter.
In sedimentation studies performed at 2,000 rpm, the absorbance at 280 nm of the tropoelastin sample at 20°C was recorded. This absorbance represents the total concentration of tropoelastin since significant coacervation does not occur at this temperature. Upon raising the temperature from 20 to Table I. 37°C, the absorbance at 360 nm increased due to light scattering caused by aggregation of tropoelastin molecules in the solution column. These aggregates sedimented rapidly to the base of the solution column. When the temperature stabilized at 37°C, the absorbance at 280 nm decreased from its original value at 20°C and was again recorded. This absorbance represents the concentration of soluble tropoelastin following coacervation. Fig. 6B shows the plot of soluble tropoelastin versus the total concentration of protein. The plot was fitted with a model equation representing the cooperative polymerization of a monomer to a large helical n-mer via a trimeric nucleating species, a situation that approximates that for actin (34, 35) , see Equations 9 and 10,
where Ͻ Ͻ 1, K Ͻ K h , C o , and C 1 are the total concentration and monomer concentration in units of mol/solvent mol, respectively; ␥ is the excess free energy required to deform the linear trimer to give curvature to the helical polymer; K h is the binding constant for the addition of a monomer to the end of the helical polymer; and K is the binding constant for the addition of a monomer to a simple linear polymer. For this model, the critical concentration equals 1/K h . This model fit the data well (solid line, Fig. 6B ) and returned a value for the critical concentration of 3.4 Ϯ 0.1 g/liter.
DISCUSSION
Sedimentation Equilibrium-Our sedimentation equilibrium results showed that the recombinant tropoelastin used in this study could be centrifuged to simultaneous sedimentation and chemical equilibrium at both 20 and 37°C. The excellent overlap of the plots of the ⍀ function versus c(r) from three different loading concentrations of protein (e.g. Fig. 1B) showed that the recombinant protein was free of soluble, irreversibly (48, 49) . A charge of ϩ37.6 was estimated for tropoelastin at pH 7.4 based on its amino acid sequence and using standard pK a values for the residues. Counterion binding is expected to reduce the net charge by 50 Ϯ 20% (50) resulting in a value for B C ϭ 3.26 (1.16, 6.38) ϫ 10 Ϫ7 l mol/g 2 . Assuming that the molecule is a hard, smooth sphere, the volume occupied by one molecule of tropoelastin was calculated to be 7.59 ϫ 10 Ϫ23 l per molecule based on its partial specific volume at 25°C, resulting in a value for B E ϭ 1.01 ϫ 10 Ϫ7 l mol/g 2 . Table II ).
FIG. 3. Plots of dc(r)/dt
formed polymers and of proteolyzed protein. Plots of c(r) versus r 2 /2 fit by nonlinear regression with a model describing a single nonideal species showed that the soluble tropoelastin was monomeric up to the highest concentrations we recorded: ϳ3 g/liter at 20°C and ϳ1.5 g/liter at 37°C (e.g. Fig. 2 ). The returned value of the molar weight of the protein was consistent with that expected for the recombinant protein (Table I) . Coacervation of tropoelastin at 37°C is a highly cooperative process (1), and from the above results we conclude that the protomer for this association process is the monomer. Sedimentation equilibrium is also sensitive to the presence of a small percentage of larger oligomers in equilibrium with monomer. Thus, if a larger soluble species were present, such as a nucleating species for the coacervation, it was at concentrations too small to be detected under the solution and sedimentation conditions used.
We estimated a value of the second virial coefficient, B, for tropoelastin using an estimate of its net charge and based on it being a hard incompressible sphere (Table I ). This value (4.27 ϫ 10 Ϫ7 l mol/g 2 ) is similar to the experimentally determined value obtained at 20°C ( Table I ), indicating that at this temperature tropoelastin molecules are, on average, relatively compact and globular. At 37°C, however, the experimentally determined value of B increased significantly (Table I) . Assuming that the nonideality due to charge was constant with temperature, these results represent an equivalent spherical radius, R e , of 3.2 and 7.3 nm at 20 and 37°C, respectively, in contrast to an R e of 2.6 nm for a smooth, compact, spherical particle of tropoelastin (Equation 7) . This suggests that, on average, tropoelastin molecules are more expanded or asymmetric at the higher temperature.
Sedimentation Velocity-The results from sedimentation equilibrium experiments are consistent with those from sedimentation velocity experiments. Only monomer was observed at both 20 and 37°C in the sedimenting boundary. Furthermore, at each temperature, two different forms of tropoelastin monomer, Species 1 and 2, existed ( Figs. 3 and 4 ; Table II ). The two species were present at approximately equal concentration at both temperatures (data not shown) and did not appear to interconvert significantly over the time scale of these experiments (up to 5 h). If the species interconverted rapidly, then a single symmetrical sedimenting boundary would have been observed that could have been fitted with a single species model returning a molar weight equivalent to the monomer weight of tropoelastin.
The value of the frictional ratio, f 20,w 0 /f 0 , represents the degree of deviation, due to hydration, rugosity, asymmetry, and expansion of the molecule, from the minimum possible value of 1.0 for a hard, incompressible, unhydrated sphere. Compact globular proteins often yield a frictional ratio of about 1.2, the number being greater than 1.0 principally due to hydration. For tropoelastin, Species 1 represents a population of expanded or asymmetric molecules at both 20 and 37°C; that is, the value of f 20,w 0 /f 0 is large at ϳ2 (Table II) . In contrast, Species 2 which is quite compact and symmetrical at 20°C becomes somewhat more expanded/asymmetric when the temperature is raised to 37°C (Table II) . This expansion/asymmetry in Species 2 at the higher temperature is consistent with the temperature-dependent increase in nonideality of tropoelastin as measured in sedimentation equilibrium experiments (Table I) .
To support the interpretation of the hydrodynamic parameters determined from the sedimentation velocity experiments, a series of molecular modeling studies was performed to predict hydrodynamic properties of the protein (Table III) . A hard sphere of tropoelastin hydrated at 2.8 molecules of water per amino acid residue has the "expected" frictional ratio of ϳ1.2. This increases modestly to 1.6 upon changing to a flexible chain, whereas a dramatic increase results from a change to a rigid rod conformation (Table III) . Therefore, we propose an explanation for the sedimentation data; there exist two species of tropoelastin monomer in solution, one of which, Species 2, displays properties between that of a globular protein and a flexible coil, whereas Species 1 has a more expanded/asymmetric form.
Sedimentation velocity data alone cannot distinguish between expansion and asymmetry associated with a large frictional ratio (36) , and additional experimental information is required to unequivocally determine the hydrodynamic properties of tropoelastin. Typically, the concentration dependence of the sedimentation coefficient, k s , can be used together with the intrinsic viscosity of the protein, [], to determine the molecular shape, regardless of its size (37). A k s /[] value close to 1.6 combined with a large frictional ratio indicates an expanded spherical molecule as, for example, occurs for the tetramer of spectrin (38) . Other techniques such as small angle X-ray scattering and electron microscopy could be used to determine the shape of human tropoelastin (36, 39) . In electron micrographs, purified bovine and chick tropoelastin appeared spherical with a diameter of 5-7 nm (4, 40). Chick tropoelastin was interpreted as existing as a random coil with an s 20,w of 2.1 S as determined by sucrose density gradient centrifugation (41) . This value is similar to the s 20,w 0 of Species 1 at both 20 and 37°C and together with electron micrographs of chick tropoelastin (4) suggest that Species 1 may adopt an expanded spherical form in solution.
PGSE NMR-Through PGSE NMR studies, the diffusion coefficient of tropoelastin in water at 20°C was significantly smaller than in the same medium at 37°C, as was expected. However, the diffusion coefficient in water at 20°C was also significantly less than in PBS at the same temperature. This is likely to be due to conformational differences in tropoelastin in the two media. There could also have been a diminution in the extent of monomer-monomer interactions due to the absence of electrostatic shielding in water resulting in surface charge repulsion. The low signal-to-noise ratio in the 1 H NMR spectra of tropoelastin in PBS at 37°C was due to coacervation of tropoelastin, consistent with the notion that coacervation is predominantly the result of hydrophobic interactions (3, 4) .
Estimates of the diffusion coefficient, D, of tropoelastin obtained from sedimentation velocity and PGSE NMR data constitute a novel comparison of data from each method. The hydrodynamic parameters estimated from the sedimentation velocity experiments were biased toward those of the monomeric species since high molecular weight aggregates rapidly sedimented to the base of the centrifuge cell in the presence of a high centrifugal field. On the other hand, the NMR method yielded a tracer, or weight average self-diffusion coefficient (42) , and included species of all molecular weights as the gravitational field in the NMR experiment was only at unit gravity. The error bars on the concentration dependence for the PGSE NMR data (Fig. 5) represent intra-experimental uncertainty 6 . Determination of the critical concentration of coacervation. A, plot of normalized counts versus total concentration determined from three independent scintillation proximity assays at 35°C (‚, Ⅺ, and छ). The straight line represents the linear regression of the data above 2 g/liter which, when extrapolated to the abscissa, represents an estimate of the critical concentration for coacervation (2.4 g/liter). B, plot of monomer concentration versus total concentration determined from sedimentation experiments at 37°C (ϩ and ϫ). The black line represents the best fit to the data for a model representing the helical polymerization of a monomer to an n-mer via a nucleating trimer. The returned value of the critical concentration for this model was 3.4 Ϯ 0.1 g/liter.
estimated by linear regression analysis. However, the interexperimental variation was likely to be such that a deviation of the straight-line fit from the data would not be statistically significant.
In contrast to the sedimentation velocity data, the PGSE NMR data did not provide evidence of two non-interacting species. Computer modeling (see Model I under "Materials and Methods" for details) showed that for a system of two noninteracting species with diffusion coefficients of ϳ4 and ϳ6 ϫ 10 Ϫ11 m 2 /s, the resolution of the data from a PGSE NMR experiment would be insufficient to discern a deviation in linearity of the Stejskal-Tanner plot. Additionally, when the concentrations of the two species were set as equal in the computer modeling, the apparent diffusion coefficient calculated by linear regression favored the slower species. This was due to the more rapid attenuation of the signal from the faster diffusing species as the field gradient was increased, such that its overall relative contribution to the signal intensity was reduced.
A Model for Coacervation-There was no evidence to suggest that either Species 1 or 2 was incompetent. On the basis of their individual concentrations before and after coacervation, as measured in the sedimentation velocity experiments, they both participated in the coacervation process (data not shown). Furthermore, coacervation is a rapidly reversible process (of the order of minutes), but the two species interconvert only very slowly (hours or longer). This suggests the coacervate consists of a mixture of the two species rather than a conversion of one species to the other which then forms the coacervate. Further work is required to determine the stoichiometry of the two species in the coacervate with good accuracy and precision.
The process of coacervation was further examined by scintillation proximity assays. The biphasic plot obtained at 35°C (Fig. 6A) is typical of the helical polymerization of macromolecules as diverse as actin, insulin, fibrin, and tropocollagen (43) . Helical polymerization occurs above the critical concentration because of the presence of unstable, slow forming nuclei that act as seeds for the rapid production of filaments. The system reaches equilibrium or a steady state when the monomer concentration falls to the critical concentration (35) . We could not detect nuclei under the sedimentation velocity conditions used, but time course measurements of tropoelastin coacervation have demonstrated an initial lag phase prior to a sigmoidal rise in turbidity (1, 14) , consistent with the nucleated condensation mechanism of helical polymerization (44) .
Turbidity measurements may not provide additional information about the coacervation process since turbidity is not proportional to the mass of coacervated tropoelastin. 3 Indeed, the increase in turbidity is due to the formation of microscopic oil-like droplets, or microcoacervates, as the solution is heated (45) . However, on the basis of model fitting to absorbance measurements for soluble tropoelastin (Fig. 6B) , trimeric tropoelastin may be a nucleating species for coacervation although the true situation, as with actin, is likely to be more complex (35) .
In summary, we have shown that monomers are the predominant form of soluble tropoelastin before and during coacervation. These monomers appear to exist in solution in more than one conformation. Coacervation of tropoelastin proceeds via the cooperative association of tropoelastin monomers to form large aggregates, in a process that is the same as or similar to the formation of helical polymer. It would be useful to demonstrate directly the presence of oligomeric intermediates under conditions different from those used in the present experiments. Although we have not separated the two species of tropoelastin that co-existed in solution, conversion to the more compact Species 2 should be favored in the presence of "crowding" agents (46), whereas the presence of denaturants should favor conversion to the more expanded/asymmetric Species 1. The conformational conversion and the possible existence of folding intermediates could be monitored via ultraviolet absorption spectroscopy or circular dichroism (47) . The information obtained will further shed light on the secondary and tertiary structures of tropoelastin in solution. In addition, the way in which the two monomeric species interact during coacervation will help refine the association model for tropoelastin selfassembly. This will be valuable for a more complete understanding of the biological mechanism in the assembly of elastin in the extracellular matrix and the underlying mechanism of elasticity.
